There is a large unmet need for effective therapies for cholestatic disorders, including primary sclerosing cholangitis (PSC), a disease that commonly results in liver failure. Angiotensin (Ang) II of the renin Ang system (RAS) is a potent profibrotic peptide, and Ang converting enzyme 2 (ACE2) of the alternate RAS breaks down Ang II to antifibrotic peptide Ang-(1-7). In the present study, we investigated long-term effects of ACE2 delivered by an adeno-associated viral vector and short-term effects of Ang-(1-7) peptide in multiple drug-resistant gene 2-knockout (Mdr2-KO) mice. These mice develop progressive biliary fibrosis with pathologic features closely resembling those observed in PSC. A single intraperitoneal injection of ACE2 therapy markedly reduced liver injury (P < 0.05) and biliary fibrosis (P < 0.01) at both established (3-6 months of age) and advanced (7-9 months of age) disease compared to control vector-injected Mdr2-KO mice. This was accompanied by increased hepatic Ang-(1-7) levels (P < 0.05) with concomitant reduction in hepatic Ang II levels (P < 0.05) compared to controls. Moreover, Ang-(1-7) peptide infusion improved liver injury (P < 0.05) and biliary fibrosis (P < 0.0001) compared to saline-infused disease controls. The therapeutic effects of both ACE2 therapy and Ang-(1-7) infusion were associated with significant (P < 0.01) reduction in hepatic stellate cell (HSC) activation and collagen expression. While ACE2 therapy prevented the loss of epithelial characteristics of hepatocytes and/or cholangiocytes in vivo, Ang-(1-7) prevented transdifferentiation of human cholangiocytes (H69 cells) into the collagen-secreting myofibroblastic phenotype in vitro. We showed that an increased ratio of hepatic Ang-(1-7) to Ang II levels by ACE2 therapy results in the inhibition of HSC activation and biliary fibrosis. Conclusion: ACE2 therapy has the potential to treat patients with biliary diseases, such as PSC. (Hepatology Communications 2019;3:1656-1673 ).
A number of experimental studies have provided evidence that the renin angiotensin (Ang) system (RAS) plays a central role in the pathogenesis of liver fibrosis (2) and in cholestatic liver disease, drugs that target Ang converting enzyme (ACE) or Ang II type 1 receptor (AT1-R) of the RAS can inhibit biliary fibrosis. Mechanistic support for the therapeutic effects of RAS blockade includes the fact that in the cholestatic liver, ACE expression is up-regulated, production of the profibrotic Ang peptide Ang II is increased, and activated hepatic stellate cells (HSCs) have high expression of AT1-R. (3, 4) However, drugs targeting the RAS are poorly tolerated in cirrhosis because they lower peripheral resistance, causing hypotension and renal dysfunction (5) ; as a result, there is a lack of clinical studies that have investigated the possible therapeutic role of RAS blockers in established chronic cholestatic liver disease.
Several studies have suggested that the so-called alternate axis of the RAS, which opposes many of the deleterious effects of Ang II, is a potential target for antifibrotic therapies. (6) This alternate RAS axis is driven by ACE2 (a homolog of ACE), which breaks down profibrotic Ang II to antifibrotic heptapeptide Ang-(1-7). (7, 8) We have previously demonstrated that in a short-term model of biliary fibrosis induced by bile duct ligation (BDL) for 2 weeks, Ang-(1-7) infusion inhibited liver fibrosis. (9) Furthermore, we recently showed that a liver-specific adenoassociated viral (AAV) vector carrying murine ACE2 (mACE2-rAAV2/8) markedly reduced biliary fibrosis in a 2-week mouse model and was accompanied by a decreased ratio of hepatic Ang II to Ang-(1-7) concentrations in the diseased liver. (10) The aim of the current study was to determine the efficacy of this therapy in a long-term model of liver disease that resembles chronic cholestatic liver disease in humans. We therefore determined the therapeutic effects of ACE2 overexpression in established (3-6 months of age) as well as advanced (7-9 months of age) biliary fibrosis, using the multiple drug-resistant gene 2-knockout (Mdr2-KO) mouse model of progressive biliary disease, which has features similar to human PSC. (1, 11) Mdr2-KO mice, which lack the mdr2 gene, are unable to secrete phosphatidylcholine into bile; this leads to toxic bile acid stasis with subsequent development of progressive biliary disease characterized by portal inflammation, ductular proliferation, and fibrosis around 3 months of age. (11, 12) AAV vectors have no known pathogenicity in humans and have been successfully used in multiple phase I-III clinical trials. (13) With rapidly evolving gene transfer technology, gene therapy applications have rapidly expanded to include a wide range of genetic diseases. A recent approval by the U.S. Food and Drug Administration to use AAV vector-based gene therapy for a rare form of childhood blindness, a genetic disorder, has provided impetus for the development of gene therapy approaches for nongenetic diseases. In the present study, we demonstrate that a single injection of liver-specific ACE2 therapy produced a major and long-lasting antifibrotic effect in both established and advanced biliary fibrosis in the Mdr2-KO model of human PSC.
Materials and Methods

animal moDel oF BiliaRy FiBRosis
Mdr2-KO male mice with the FVB/N mouse strain background were used in this study. All animals were housed with a 12-hour light-dark cycle at room temperature (22°C-24°C) with water and standard aRtiCle inFoRmation: mouse chow ad libitum. Experimental procedures were approved by the Animal Ethics Committee of Austin Health and performed according to the National Health and Medical Research Council of Australia guidelines for animal experimentation. Different groups of Mdr2-KO animals at established (3 months old) and advanced (7 months old) biliary fibrosis were treated with either ACE2 or control vector for 3 and 2 months, respectively. In another experiment, 3-month-old Mdr2-KO animals were infused with either Ang-(1-7) peptide or saline for 4 weeks (see Supporting Materials for details).
ViRal VeCtoR pRepaRation anD Cell CultuRe eXpeRiments
Viral vector preparation for mACE2 (mACE2-rAAV2/8) and control vector (human serum albumin [HSA]-rAAV2/8) and in vitro experiments using H69 cells (immortalized human cholangiocytes) are described in detail in the Supporting Materials.
BioCHemiCal anD HistologiC analyses
Assessments of liver biochemistry, histology of liver inflammation and fibrosis, ACE2 activity, quantitative real-time polymerase chain reaction, and liver Ang II and Ang-(1-7) levels were performed following the described protocols (14) (see Supporting Materials for details of each procedure).
immunoHistoCHemistRy
Immunohistochemistry for e-cadherin, ACE2, Mas receptor (MasR), alpha smooth muscle actin (α-SMA), cytokeratin-19 (CK19), and mesenchymal marker S100A4 as well as western blot for B-cell lymphoma-extra large (Bcl-XL) were performed (see Supporting Materials for details of each procedure).
statistiCal analysis
Means between groups were compared using either a two-tailed unpaired Student t test or one-way analysis of variance with Tukey post-hoc test. All data are expressed as mean ± SEM. All statistical analyses were carried out using the computer package PRISM (GraphPad Prism 7.0). A value P < 0.05 was considered statistically significant.
Results
aCe2 tHeRapy anD ang-(1-7) ReDuCe liVeR enZymes in mdr2-Ko miCe
Three-month-old Mdr2-KO mice showed significantly (P < 0.05) elevated liver enzyme profiles compared to those in healthy controls ( Fig. 1 ). Moreover, liver injury, as reflected by increased plasma levels of alkaline phosphatase (ALP), alanine aminotransferase (ALT), and aspartate aminotransferase (AST), worsened during the course of disease progression at 6 months ( Fig. 1A -C) and 9 months ( Fig. 1D -F) of age. However, compared to the control vector-injected animals, ACE2 therapy markedly improved liver injury in Mdr2-KO mice, as reflected by a significant reduction in liver enzyme profiles at established (3-6 months; P < 0.0001; Fig. 1A -C) or advanced (7-9 months; P < 0.05; Fig. 1D -F) biliary fibrosis. Comparable results were obtained with Ang-(1-7) infusion, which caused a significant (P < 0.05) reduction in liver enzyme profiles in Mdr2-KO mice compared to those in saline-treated control Mrd2-KO mice ( Fig. 1G -I).
aCe2 tHeRapy anD ang-(1-7) ReDuCe liVeR FiBRosis in mdr2-Ko miCe
We assessed the presence of activated HSCs by quantifying α-SMA. Compared to healthy controls, α-SMA gene expression was significantly (P < 0.0001) higher in Mdr2-KO mice at 6 and 9 months of age ( Fig. 2A,C) . Importantly, compared to the control vector-injected disease controls, a single dose of ACE2 therapy caused a significant (P < 0.01) reduction in α-SMA expression in established biliary fibrosis ( Fig. 2A ). In the advanced biliary fibrosis group, the inhibitory effect of ACE2 therapy on α-SMA was more than 95% (P < 0.0001), with the expression level almost reaching healthy control levels ( Fig. 2C ). Consistent with gene expression profiles, strong protein staining of α-SMA in Mdr2-KO livers was markedly reduced by ACE2 therapy (Fig. 3E ).
We then assessed gene expression of a major extracellular matrix (ECM) protein collagen 1 (type 1α1). As expected, there was a significant (P < 0.05) increase in collagen 1 expression in Mdr2-KO mice at both stages compared to those in the healthy controls ( Fig. 2B,D) . However, compared to control vector-injected disease controls, treatment with ACE2 inhibited collagen 1 expression by more than 50% (P < 0.0001) in established biliary fibrosis (Fig. 2B ). This inhibitory effect of ACE2 was even more profound in the advanced stage of biliary fibrosis, with more than 90% reduction and reaching healthy control levels ( Fig. 2D ). We have previously shown ACE2 therapy increases production of Ang-(1-7) (10) and this contributes to its antifibrotic effect. Here, we tested the effect of direct infusion of Ang-(1-7) on HSC activation and collagen expression in early biliary fibrosis. We found that Ang-(1-7) infusion for 4 weeks inhibited HSC activation, as reflected by more than 50% reduction (P < 0.01) in α-SMA gene expression ( Fig. 2E ), and reduced collagen 1 gene expression by more than 60% ( Fig. 2F ). To further explore the mechanism by which Ang-(1-7) mediated this inhibitory effect, we co-infused mice with A779, a putative Ang-(1-7) receptor Mas blocker, and found that A779 reversed the effects of Ang-(1-7) on the expression of α-SMA and collagen 1 (Fig. 2E,F) .
We further assessed the antifibrotic effects of ACE2 therapy in Mdr2-KO mice by quantifying hepatic collagen protein deposition by picrosirius red staining. As expected, there was a rapid progression (P < 0.001) of fibrosis from 3 to 6 months (established biliary fibrosis) and 7 to 9 months (advanced biliary fibrosis) of age in Mdr2-KO mice compared to those in healthy controls ( Fig. 3 ). However, in keeping with the profound reduction in collagen 1 gene expression, ACE2 therapy markedly reduced collagen deposition in established biliary fibrosis (>50%; Fig. 3A ,B) and by more than 80% in advanced biliary fibrosis compared with control vector-injected disease controls ( Fig. 3C ).
We found that consistent with collagen 1 gene expression ( Fig. 2F ), hepatic collagen protein deposition at 3 months and at approximately 4 months (i.e., 4 weeks after saline infusion) of age was significantly (P < 0.001) higher in Mdr2-KO mice than in healthy controls ( Fig. 3C ). However, confirming its effect on collagen 1 expression, Ang-(1-7) infusion inhibited collagen protein deposition by more than 75% (P < 0.0001) compared with saline-infused disease controls. Mechanistically, this inhibition on collagen protein secretion by Ang-(1-7) was mediated by MasR because MasR blocker A779 completely abolished this response. These results were further supported by liver hydroxyproline content, which was significantly (P < 0.05) reduced by both ACE2 therapy and Ang-(1-7) infusion ( Fig. 3D ). Moreover, the histopathological assessment clearly indicated that, compared to controls, ACE2-treated as well as Ang-(1-7) infused Mdr2-KO mice had regression of fibrosis (Table 1 ).
aCe2 tHeRapy amelioRates tHe eXpRession oF pRoinFlammatoRy anD pRoFiBRotiC CytoKines
In biliary fibrosis, activation of HSCs into myofibroblasts and the resulting increase in ECM secretion is triggered by proinflammatory and profibrogenic mediators produced by activated resident macrophages, Kupffer cells, and dying hepatocytes. Therefore, we investigated the effects of ACE2 therapy on gene expression of proinflammatory cytokines, such as monocyte chemoattractant protein 1 (MCP-1) and interleukin-6 (IL-6), and profibrotic cytokines, such as connective tissue growth factor (CTGF) and transforming growth factor β1 (TGF-β1). The expression of MCP-1 (Fig. 4A ,B) and CTGF (Fig. 4C ,D) was markedly (P < 0.001) up-regulated at both established and advanced fibrosis in Mdr2-KO mice compared with healthy controls. Consistent with our published data, (10) ACE2 therapy significantly (P < 0.05) reduced the expression of these cytokines ( Fig. 4A -C), providing evidence that ACE2 therapy caused a reduction in liver inflammation, leading to a reduction in liver fibrosis, although it did not affect CTGF expression at advanced biliary fibrosis ( Fig. 4D ). On the other hand, IL-6 expression was down-regulated at both established and advanced biliary fibrosis in Mdr2-KO mice compared to healthy controls and ACE2 therapy had no effect on its expression ( Fig.  4E ,F). Contrary to this, TGF-β1, the expression of which was increased at established biliary fibrosis in Mdr2-KO mice compared to healthy controls, was not affected by ACE2 therapy (Fig. 4G ). In marked contrast to the expression pattern of these cytokines and findings of our previous study using a short-term biliary fibrotic model, (10) what is intriguing to note in this long-term biliary fibrotic model is that the expression of TGF-β1 in advanced disease was indeed down-regulated by approximately 99% (P < 0.0001) compared with healthy controls (Fig. 4H ). Making this more complicated, ACE2 therapy in fact rescued the expression of this potent profibrotic cytokine by increasing its expression from 1% to approximately 23% compared with healthy controls (Fig. 4H ).
Similar to their expression at 6 months of age, the expression of IL-6, MCP-1, CTGF, and TGF-β1 at 4 months of age in Mdr2-KO mice was significantly (P < 0.05) elevated compared with the healthy controls ( Fig. 5 ). However, with the exception of MCP-1, Ang-(1-7) infusion caused a profound (P < 0.0001) reduction in the expression of other cytokines compared with control vector-injected disease controls ( Fig. 5C,D) . In contrast to reduced expression at 6 and 9 months of age, liver IL-6 expression, which was significantly (P < 0.001) increased at 4 months of age (early biliary fibrosis) in Mdr2-KO mice compared to healthy controls, was significantly (P < 0.0001) inhibited by Ang-(1-7) infusion ( Fig. 5A ). Importantly, the inhibitory effect of Ang-(1-7) on CTGF and TGF-β1 was completely abolished when the animals were co-infused with MasR blocker A779 (Fig. 5C,D) , suggesting that Ang-(1-7) derived from Ang II by ACE2 action plays a prominent role in the ACE2-driven therapeutic effect. Apart from the therapeutic effect of ACE2 therapy and Ang-(1-7), we tested whether cholangiocyte senescence was attributable to the reduced inflammation in ACE2-treated Mdr2-KO mice. We found that protein levels of Bcl-XL, a marker of senescence, were not altered in ACE2treated Mdr2-KO mice, suggesting that cholangiocyte senescence was highly unlikely to be associated with the reduced inflammation (Supporting Fig. S1B ).
It is interesting to note that the expression levels of proinflammatory and profibrotic cytokines early in disease progression in Mdr2-KO mice differed markedly from those at an advanced stage of disease progression. For example, the expression levels of these cytokines at 3-4 months of age, at which time they were treated with Ang-(1-7) infusion, were highest and gradually declined toward 9 months of age compared to healthy controls. In addition to gene expression, histopathological assessments of liver sections showed an increased (P < 0.05) lobular inflammation in saline-infused 4-month-old Mdr2-KO mice that was significantly (P < 0.05) reduced by Ang-(1-7) infusion, although the peptide infusion did not affect portal inflammation in these animals ( Table 1 ). In marked contrast, 6-month-old control vector-injected Mdr2-KO mice showed reduced portal inflammation compared to 4-month-old saline-infused controls and ACE2 therapy did not affect portal inflammation. Moreover, lobular inflammation could only be seen in 4-month-old but not in 6-month-old Mdr2-KO mice. This is likely attributable to the fact that Mdr2-KO mice are known to display varying degrees of inflammation during their lifetime. (12) 
aCe2 tHeRapy ReDuCes pRoFiBRotiC peptiDe ang ii anD inCReases antiFiBRotiC ang-(1-7) leVels in tHe liVeR
We have previously reported that the ACE2 vector is liver specific (10) ; this was further confirmed in Mdr2-KO mice (Supporting Fig. S2A ). A single injection of ACE2 vector significantly increased ACE2 gene expression (P < 0.0001), protein levels (P < 0.01), and protein activity (P < 0.0001) in Mdr2-KO livers at 6 months of age compared to control vectorinjected animals (Fig. 6A,B,E) . Moreover, Mdr2-KO mice treated with ACE2 at advanced biliary fibrosis (7 months) and killed at 9 months of age showed a 150-fold increase (P < 0.0001) in ACE2 gene expression in the liver compared to control vector-injected diseased mice and healthy controls (Fig. 6B ). In line with this, we found increased ACE2 protein expression in liver specimens from patients with PSC (Supporting Fig. S1A ) compared to healthy human livers. Moreover, MasR gene and protein expression also showed a marked up-regulation in response to ACE2 therapy in Mdr2-KO mice compared to those of control vector-injected mice (Fig. 6D,E) . Mechanistically, hepatic ACE2 overexpression would be expected to produce dual benefits: degradation of the potent profibrotic peptide Ang II and generation of the antifibrotic peptide Ang-(1-7) within the liver. (9) We therefore measured hepatic Ang peptide levels in healthy mice and in mice with liver disease that received ACE2 or control HSA vector at 3 months of age and were killed 3 months after treatment. As expected, ACE2 therapy produced significantly (P < 0.05) increased Ang-(1-7) peptide levels ( Fig. 6F ) in Mdr2-KO mouse livers compared to the disease control group. These elevated Ang-(1-7) levels were accompanied by a significant (P < 0.05) reduction in hepatic Ang II peptide levels in ACE2-treated mouse livers compared to levels in the control vector-injected animals (Fig. 6F) , reflecting that ACE2 shifted the balance between hepatic Ang peptide levels, leading to an increased ratio of hepatic Ang-(1-7) to Ang II (mean ± SEM, 0.92 ± 0.18 and 0.49 ± 0.03 in ACE2 and control HSA vector-treated groups, respectively; P < 0.05).
aCe2 tHeRapy anD ang-(1-7) peptiDe aFFeCt epitHelial-to-mesenCHymal tRansDiFFeRentiation in CHolangioCytes
It has been suggested that epithelial-tomesenchymal transdifferentiation (EMT) is an alternate source of the periportal myofibroblastic cell population that may contribute to biliary fibrosis. (15) Cholangiocytes, the biliary epithelial cells, undergo EMT and are thought to be actively involved in biliary fibrosis. (16) Indeed, we found a faint brown staining for CK19, an epithelial marker, in cholangiocytes of control vector-injected Mdr2-KO mouse livers compared to a high level of staining in healthy controls, suggesting that cholangiocytes in the diseased liver lose their epithelial characteristics. Most importantly, ACE2 therapy restored the epithelial phenotype of cholangiocytes in the Mdr2-KO liver, as reflected by strong staining for CK19 ( Fig. 7A ). On the other hand, we found that the mesenchymal marker S100A4 stained positive in cholangiocytes of Mdr2-KO mouse livers compared to the absence of its staining in healthy control livers. As expected, S100A4 staining of ACE2-treated mouse livers was absent, suggesting that ACE2 therapy prevented EMT of cholangiocytes in this model.
To further support the role of alternate RAS on EMT, we investigated the effect of Ang-(1-7) and MasR blocker A779 on gene expression of CK-19, S100A4, and the fibrosis marker collagen 1 in TGF-β1-activated H69 cells because TGF-β1 is considered to be a potent inducer of EMT. (16, 17) TGF-β1-activated H69 cells showed a significant (P < 0.005) reduction in CK-19 expression compared to untreated cells (Fig. 7B ). This reduction in CK-19 was completely abolished (P < 0.01) by Ang-(1-7) treatment (Fig. 7B) . The reduced epithelial characteristics of activated H69 cells were accompanied by significantly (P < 0.05) increased expression of mesenchymal marker S100A4 (Fig. 7C) . Consistent with the up-regulation of S100A4 expression, the fibrosis marker gene collagen 1 expression was significantly (P < 0.01) increased in activated cholangiocytes (Fig. 7D) . Strikingly, the phenotypic changes resulting from TGF-β1-induced activation of H69 cells, which included the loss of epithelial characteristics and acquiring a mesenchymal collagen-secreting
Fig. 4. Proinflammatory and profibrotic cytokine gene expression in established and advanced biliary fibrosis. Gene expression of (A,B)
MCP-1 at both established and advanced fibrosis and (C,D) CTGF at established fibrosis was significantly reduced by ACE2 gene therapy compared to control vector-injected mice. (E,F) In contrast, IL-6 expression, which was down-regulated at both stages of fibrosis, was unaffected by ACE2 therapy. (G) Moreover, TGF-β1, which was up-regulated at established fibrosis, was also unaffected by ACE2 therapy. (H) In marked contrast, TGF-β1 expression, which was significantly down-regulated at advanced fibrosis, was restored to a greater extent by ACE2 therapy. Each bar represents the mean ± SEM profile from n = 12-15 mice per treatment group and n = 5-7 mice per Mdr2-KO group without the vector. phenotype, were completely abolished (P < 0.05) by Ang-(1-7) treatment ( Fig. 7B-D) . Moreover, we found that the inhibitory effects of Ang-(1-7) on EMT were mediated by MasR because specific MasR antagonist A779 completely blocked the inhibitory effects of the peptide (Fig. 7B-D) . Further supporting this phenomenon, we found that Ang-(1-7) by binding to MasR triggers MasR gene up-regulation in these cells ( Supporting Fig. S2B ).
The in vitro findings with H69 cells were corroborated by in vivo findings that the level of e-cadherin protein, an epithelial cell marker known to prevent the development of sclerosing cholangitis, peribiliary fibrosis, and EMT, (18) was dramatically reduced (P < 0.0001) in Mdr2-KO mice at 6 months of age (Fig. 7E,F) . However, in support of the protective effect of Ang-(1-7) on the epithelial characteristics of cholangiocytes ( Fig. 7B-D) , ACE2 therapy markedly (P < 0.001) inhibited the loss of e-cadherin protein expression in Mdr2-KO mice (Fig. 7E,F) . 
Discussion
We have recently reported for the first time that a single dose of mACE2-rAAV2/8 vector produces a sustained overexpression of ACE2 in the fibrotic liver of a short-term (2-week) mouse model of biliary fibrosis. (10) We now report that compared to this 2-week biliary fibrosis model, a single dose of mACE2-rAAV2/8 leads to high levels of ACE2 expression and activity in a long-term genetic model of biliary fibrosis. The increased hepatic ACE2 protein expression and activity produced a large reduction (>50%) in ECM deposition at 6 months of age (established biliary fibrosis) and, most importantly, at 9 months of age (>80%) (advanced biliary fibrosis) in Mdr2-KO mice compared to vector controls. This was accompanied by a marked increase in the ratio of hepatic Ang-(1-7) to Ang II and a reduction in HSC activation and release of proinflammatory and profibrotic mediators. The effect of ACE2 at advanced biliary fibrosis is particularly impressive because it is generally thought that vector expression and its ability to alter the course of disease may be limited in animals with more advanced liver disease. (19) Thus, we confirm that a single dose of this ACE2 viral vector provides much longer term inhibition of biliary fibrosis.
The Mdr2-KO mouse model, which has pathological features closely resembling those of human PSC and results in advanced biliary fibrosis and cirrhosis over 7-10 months due to the lack of biliary phospholipid secretion, (20) is a well-characterized long-term model widely used in studies. (21) Therapies targeting to inhibit or reverse biliary fibrosis in short-term models, such as those reported by us, (10) are necessary as proof of concept; however, physiologically relevant longer term models are required to elucidate the therapeutic efficacy of a novel strategy that can then be translated to therapeutic applications for human cholangiopathies.
We demonstrate that ACE2 therapy in established and advanced biliary disease as well as Ang-(1-7) infusion in early biliary fibrosis improved liver injury as assessed by plasma ALT, ALP, and AST levels. Inflammation is a hallmark of tissue injury and drives fibrogenesis when it is persistent. In the liver, it is characterized by increased release of proinflammatory cytokines, which precede liver fibrosis. One of the best characterized proinflammatory cytokines in liver fibrosis is MCP-1, which is released not only by activated resident macrophages (Kupffer cells) but also by activated HSCs. (22) Although the expression of MCP-1 was unaffected by Ang-(1-7) infusion at 4 months of age, it was attenuated by ACE2 treatment at 6 and 9 months of age compared to control vector-injected Mdr2-KO mice; this is in line with improved liver injury. Despite this, profibrotic cytokine CTGF was inhibited by Ang-(1-7) at 4 months of age and by ACE2 at 6 months but not at 9 months of age. Ang-(1-7) infusion inhibited the expression of the potent profibrotic cytokine TGF-β1 in the early development of fibrosis leading up to 4 months. However, ACE2 treatment failed to suppress increased expression of this cytokine during established fibrosis leading up to 6 months of age. In fact, TGF-β1 expression was massively down-regulated during advanced fibrosis leading up to 9 months of age. Thus, these findings suggest that this cytokine is a key driver during early development of biliary fibrosis in the Mdr2-KO model. This is consistent with the report that the expression of these cytokines in Mdr2-KO mice is variable and has distinct roles, depending on the stage of disease progression. (20) This agrees with current findings that Ang-(1-7) at 4 months but not ACE2 therapy at 6 months improved infiltrating immune cells in Mdr2-KO mice.
It is widely accepted that Ang II plays a pivotal role in hepatic fibrogenesis by activating HSCs and other myofibroblastic cell populations during tissue injury. (23) Unlike Ang II, which has a well-characterized profibrotic role in liver fibrosis, the counterregulatory role of Ang-(1-7) in biliary fibrosis has received less attention. Ferrario (24) provided evidence that Ang-(1-7) is an antifibrotic peptide that counteracts the deleterious effects of Ang II in the heart and kidneys. Supporting these observations, studies from our laboratory have shown that intraperitoneal Fig. 7 . Effect of ACE2 treatment on protein expression of epithelial (CK-19) and mesenchymal (S100A4) markers; effect of Ang-(1-7) on gene expression of CK-19, S100A4, and collagen 1 in TGF-β1-activated cholangiocytes (H69 cells); and effect of ACE2 treatment on e-cadherin protein in Mdr2-KO mice. (A) ACE2 therapy restored epithelial characteristics of cholangiocytes, as reflected by increased CK-19 expression, and prevented transdifferentiation into a mesenchymal phenotype, as reflected by reduced S100A4 expression in Mdr2-KO mice. In support of the inhibition of EMT of cholangiocytes by ACE2-derived Ang-(1-7) in the animal model, Ang-(1-7) prevented TGF-β1-induced (B) down-regulation of CK-19 expression and (C) up-regulation of S100A4 expression, leading to (D) inhibition of collagen 1 expression. Thus, Ang-(1-7) inhibited EMT of cholangiocytes, which was completely blocked by MasR blocker A779. (E,F) Moreover, ACE2 therapy restored protein expression of e-cadherin (another epithelial marker known to protect from cholangiopathies) in Mdr2-KO mice. (A,F) Arrowhead shows positive staining (magnification ×200). Each bar in (B-D) represents the mean ± SEM profile from three independent experiments. Each bar in (E) represents the mean ± SEM profile from n = 12-15 mice per treatment group. infusion of Ang-(1-7) improved biliary fibrosis in a short-term 2-week rat BDL. (9) The present findings that direct infusion of Ang-(1-7) peptide markedly reduces liver fibrosis in Mdr2-KO mice provide strong evidence to suggest that the antifibrotic effects of ACE2 therapy on biliary fibrosis were in large part due to increased generation of hepatic Ang-(1-7) levels from hepatic Ang II (Fig. 6) .
Perpetuation of inflammation, which leads to activation of profibrogenic stimuli, is often associated with the activation of quiescent HSCs, leading to secretion of excess ECM. (3) The present findings support published data (10) showing that ACE2 therapy as well as Ang-(1-7) peptide infusion ameliorated increased HSC activity, as reflected by approximately 50%-80% reductions in liver α-SMA gene and protein expression ( Figs. 2 and 3 ). Consistent with a markedly attenuated activity of the myofibroblastic cell population, we found that in the livers of ACE2-and Ang-(1-7)-treated mice, the expression of collagen 1, a major ECM protein secreted by activated HSCs, was dramatically reduced by more than 50% compared to control vector or saline-infused controls. These changes led to more than 50% reduction in fibrosis early in disease progression and reached more than 80% in advanced biliary disease ( Fig. 3 ; Table 1 ). Consistent with our published study, (25) the present study confirmed that the beneficial effects of Ang-(1-7) peptide in Mdr2-KO mice are mediated by MasR, as reflected by the inhibition of Ang-(1-7) effects by MasR antagonist A779. Moreover, apart from signal transduction, the positive feedforward effect of Ang-(1-7) peptide on MasR is reflected by up-regulation of MasR by Ang-(1-7) in H69 cells and ACE2-derived Ang- (1) (2) (3) (4) (5) (6) (7) in Mdr2-KO mice (26) (Fig. 6D; Supporting Fig. S2B ). Further supporting the role of MasR in mediating Ang-(1-7) action in biliary fibrosis, the inhibitory effect of Ang-(1-7) on profibrotic mediators, such as CTGF, TGF-β1, and collagen 1, was completely abrogated by MasR blockade. This is in agreement with the finding that infusion of MasR antagonist A779 to BDL mice worsened liver fibrosis. (27) While HSCs are the main cell type responsible for liver fibrosis, (28, 29) there is evidence that other cell types are also involved in ECM deposition in the injured liver. For example, portal fibroblasts that originate from hematopoietic stem cells and migrate to injury sites are capable of differentiating into myofibroblasts that secrete ECM. (28) It has also been reported that following liver injury, biliary epithelial cells (cholangiocytes), which contribute to the ductular reaction in biliary fibrosis, proliferate and transform from a quiescent state to a reactive state. Once activated, they begin to proliferate, lose their epithelial phenotype, and express inflammatory and profibrogenic cytokines and growth factors, leading to increased deposition of ECM in the periportal region. (15, 30) This is supported by observations from in vivo and in vitro studies that cholangiocytes can undergo EMT and collagen production during biliary injury. (15, 16, 31) Consistent with these studies, we demonstrated that following activation by TGF-β1, immortalized human cholangiocytes underwent transdifferentiation from an epithelial to a mesenchymal phenotype, as reflected by decreased expression of epithelial marker CK-19 and increased expression of mesenchymal marker S100A4. Importantly, this phenotypic transdifferentiation of cholangiocytes was accompanied by increased expression of collagen 1, providing evidence that EMT may represent an alternative source of the myofibroblastic cell population in the periportal region that may have also contributed to biliary fibrosis in Mdr2-KO mice. (32) Because TGF-β1 has been implicated in the activation of cholangiocytes, (33) it can be postulated that the increased expression of this cytokine in early and established biliary fibrosis of Mdr2-KO mice may drive in vivo activation of cholangiocytes, which in turn may have a direct role in biliary fibrosis. On the other hand, it is likely that TGF-β1 may not be the driving force in advanced biliary fibrosis of this model and perhaps CTGF plays a role as profibrotic mediator at this stage. (19) Most importantly, the present findings that Ang-(1-7) treatment restored the expression of epithelial marker CK-19 and prevented up-regulation of mesenchymal marker S100A4 and collagen 1 expression in TGF-β1 activated human cholangiocytes support the notion that ACE2 therapy, which increases local Ang-(1-7) levels in the injured liver, has the potential to ameliorate EMT of cholangiocytes. Indeed, liver CK-19 protein, which was down-regulated in Mdr2-KO mice, was restored by ACE2 therapy and prevented the transdifferentiation into a mesenchymal phenotype. Moreover, intervention with the MasR antagonist A779 in these cells provides direct evidence that the inhibitory effect of Ang-(1-7) on cholangiocyte activation is mediated via the MasR.
In marked contrast, liver TGF-β1 expression in Mdr2-KO mice with advanced biliary fibrosis at 9 months of age was down-regulated by approximately 99% compared to healthy control mice of the same background. Unexpectedly, ACE2 treatment, which is expected to inhibit the expression of this profibrotic cytokine, in fact stimulated its expression. This is not surprising because it has been shown that TGF-β1 is a multifaceted molecule that both suppresses tumor growth as well as promotes tumor progression and invasion. (19) Depending on the stage of tumor development and its microenvironment, an array of intracellular signaling molecules either activate or suppress the cytokine action. (19) Indeed, Mdr2-KO mice with advanced biliary disease have been shown to develop hepatocellular cancer, (34) and TGF-β1 may suppress cancer growth. (19) Thus, it is likely that down-regulation of TGF-β1 in 9-monthold Mdr2-KO mice might favor cancer growth and that up-regulation of TGF-β1 expression by ACE2 therapy could oppose this. Indeed, we found that a majority of Mdr2-KO mice at 9 months of age had developed liver tumor nodules that were absent in ACE2-treated mice (data not shown), supporting the work showing inhibition of lung cancer metastasis by ACE2. (35) In further support of this argument, ACE2 therapy restored the loss of e-cadherin in cholangiocytes and/or hepatocytes, and the loss of e-cadherin is strongly linked to the development of sclerosing cholangitis, peribiliary fibrosis, EMT, and hepatocellular carcinoma. (18, 35) However, inhibitory effects of ACE2 on tumor growth are not discussed in this report as it is beyond the scope of the present study. Nevertheless, it appears that the ACE2-induced increased expression of TGF-β1 compared to control vector-injected mice had minimal impact on biliary fibrosis because collagen deposition was dramatically reduced in ACE2-treated Mdr2-KO mice, suggesting that the progression of biliary fibrosis at an advanced stage is TGF-β1 independent (Figs. 2 and 3) . On the other hand, TGF-β1-dependent biliary fibrosis was evident at an early stage of biliary fibrosis in Mdr2-KO mice in which Ang-(1-7), a product of ACE2 action, inhibited the cytokine expression, leading to a reduction in biliary fibrosis (Fig. 3) .
In summary, this study demonstrates a therapeutic approach for biliary diseases using liver-specific overexpression of ACE2 in a murine model that spontaneously develops chronic biliary fibrosis with pathological features closely resembling those of human PSC. A remarkable feature of this model is that the pathogenesis of biliary fibrosis is both TGF-β1 dependent, as seen in early fibrosis development, as well as TGF-β1 independent, as seen in advanced fibrosis development. Irrespective of its role, ACE2 therapy and its peptide product Ang-(1-7) show strong inhibitory properties on inflammatory and profibrotic cytokine secretion and myofibroblast activation, leading to a marked reduction in chronic biliary fibrosis in Mdr2-KO mice. It is thus possible that increased ACE2 protein expression in PSC livers may imply a counter-regulatory role of the enzyme in human biliary fibrosis (Supporting Fig.  S1A ). Mechanistically, the beneficial effects of ACE2 likely resulted from a marked reduction in profibrotic Ang II peptide levels with a concomitant increase in antifibrotic Ang-(1-7) peptide levels by the catalytic activity of ACE2. In conjunction with reduced activity of the profibrotic hepatic Ang II/AT1-R axis, increased local production of Ang-(1-7), which acts through MasR, inhibits downstream signaling, including NADPH oxidase-mediated reactive oxygen species production, (4, 36, 37) resulting in a marked reduction in biliary fibrosis. This phenomenon has been illustrated in Fig. 8 . Thus, the findings from this study provide strong evidence that ACE2 gene therapy has potential for the treatment of patients with biliary diseases, such as PSC.
